Abstract. Wogonin, a naturally occurring bioactive monoflavonoid isolated from Scutellariae radix (roots of Scutellariae baicalensis Georgi), has known anticancer effects. However, the molecular signaling mechanism by which wogonin inhibits invasiveness in breast cancer cells remains unclear. In the present study, it was observed that wogonin exerted an inhibitory effect on the lipopolysaccharide (LPS)-enhanced invasiveness of MDA-MB-231 cells. In addition, wogonin inhibited the synthesis of interleukin-8 (IL-8) and matrix metallopeptidase-9 (MMP-9), which are critical for promoting invasiveness in MDA-MB-231 cells. Wogonin also suppressed the expression of leukotriene B4 receptor 2 (BLT2) and the synthesis of its ligand, by inhibiting 5-lipoxygenase (5-LO) in LPS-stimulated MDA-MB-231 cells. Notably, wogonin attenuated the production of IL-8 and MMP-9 by inhibiting the BLT2/extracellular signal-regulated kinase (ERK)-linked cascade. Finally, in vivo, LPS-driven MDA-MB-231 cell metastasis was markedly suppressed by wogonin administration. Overall, the present results suggested that wogonin inhibited the 5-LO/BLT2/ERK/IL-8/MMP-9 signaling cascade and demonstrated that this cascade may be an important target through which wogonin exerts its anticancer effects in breast cancer.
Introduction
Leukotriene B4 receptor 2 (BLT2) is a G protein-coupled receptor for pro-inflammatory lipid mediators, such as leukotriene B4 (LTB4) and 12(S)-hydroxyeicosatetraenoic acid [12(S)-HETE] (1). In recent studies, LTB4 and its receptor, BLT2, have been demonstrated to be closely associated with tumorigenesis. Upregulated production of LTB4 and BLT2 has been previously noted in a number of human cancer cells, including pancreatic, ovarian, bladder, and prostate cancer cells, as well as lung and breast cancer cells, wherein LTB4 and BLT2 promote cancer cell proliferation, chemoresistance, invasion and metastasis (2) (3) (4) (5) (6) (7) .
Recent studies have demonstrated that following exposure to lipopolysaccharide (LPS) in vitro and in vivo, cancer cells become more aggressive as a result of the stimulation of the toll-like receptor 4 (TLR4)/myeloid differentiation primary response 88 (MyD88) pathway (8) (9) (10) . In particular, LPS-induced TLR4 overexpression in breast cancer tissues is associated with lymph node metastasis (11, 12) . A previous study has demonstrated that LPS upregulates the MyD88/5-lipoxygenase (5-LO)/BLT2 cascade and that BLT2 depletion attenuates the ability of LPS to induce invasiveness and interleukin-8 (IL-8) biosynthesis in aggressive breast cancer cells. In addition, BLT2 inhibition reduces the incidence of LPS-induced metastasis in an in vivo breast cancer mouse model (13) . On the basis of this information, pharmaceutical or natural agents that directly interfere with the production of BLT2, or antagonize its signaling functions, may be effective in attenuating breast cancer progression.
Scutellariae baicalensis Georgi is a species of herbaceous plant in the Lamiaceae family and has several specialized flavones, such as scutellarin, baicalein, oroxylin A and wogonin (14) . Wogonin (5,7-dihydroxy-8-methoxyflavone), which can be found in the roots of S. baicalensis Georgi (Scutellariae radix), is one of the plant's active components. Wogonin is commonly used as a traditional medicine in East Asian countries, such as China, Japan and Korea (15) , and many studies have suggested that wogonin is widely useful due to its antiviral, neuroprotective, anti-inflammatory and antitumor activities, which have been demonstrated in a variety of in vitro and in vivo models, as well as its excellent safety profile (16) (17) (18) (19) . The potent anticancer effects of wogonin are mainly attributable to the induction of cell cycle arrest, apoptosis, and antiangiogenesis activity in various cancer cell lines (20) (21) (22) . Although there are previous reports about the inhibitory effect of wogonin on the proliferation and invasion of breast cancer cells, the detailed signaling mechanisms of the anti-invasive effects of wogonin remain unclear (20, 23, 24) . Similarly, scutellarin, a compound isolated from the aerial part of S. baicalensis Georgi, has been demonstrated to exert anti-invasive effects on MCF-7 breast cancer cells (25) . Further studies are necessary to understand the differences in the anti-invasive signaling mechanisms of scutellarin and wogonin. In the present study, the aggressive human breast cancer cell line MDA-MB-231 was used to elucidate the potential mechanism of wogonin in breast cancer cell invasiveness.
The present results demonstrated that wogonin suppressed LPS-induced invasiveness in MDA-MB-231 cells, by downregulating the BLT2-mediated phosphorylation of extracellular signal-regulated kinase (ERK) and the subsequent production of IL-8/matrix metallopeptidase-9 (MMP-9). Additionally, treatment with wogonin suppressed the synthesis of the BLT2 ligand LTB4, by inhibiting 5-LO expression. Furthermore, wogonin significantly reduced LPS-enhanced metastasis in a breast cancer mouse model. Taken together, the present findings suggest that wogonin acts as a novel, natural, safe and effective inhibitor of the 5-LO/BLT2 cascade, and thus attenuates invasiveness and metastasis in breast cancer cells.
Materials and methods

Materials.
Wogonin, whose molecular formula is C 16 H 12 O 5 ( Fig. 1A) , was isolated from Scutellariae radix. An air-dried material (60 g) was extracted with hot methanol. Following concentration, the crude extract was chromatographed on silica gel to yield a crude crystalline fraction, which was recrystallized from methanol to yield 5,7-dihydroxy-8-methoxyflavone (wogonin; 350 mg) (26 Table I . The specificity of all primers was confirmed by sequencing the PCR products. All data were normalized to corresponding data for GAPDH. The thermocycling conditions were as follows: Initial denaturation at 95˚C for 5 min, followed by amplification (number of cycles, temperature and duration per step for each gene are listed in Table I ), and a final extension phase at 72˚C for 10 min. The reaction products were separated by electrophoresis on a 1.5% agarose gel, stained with EtBr, and then visualized by a ChemiDoc™ XRS+ System (Bio-Rad Laboratories, Hercules, CA, USA).
Western blot analysis. The cells were washed with ice-cold PBS, scraped into a lysis buffer [20 mM Tris-HCl, pH 7.5; 150 mM NaCl; 0.5% Nonidet P-40; 5 mM EDTA; 1% Triton X-100; and protease inhibitors (100 mM phenylmethylsulfonyl fluoride, 1 mM sodium orthovanadate, 2 µg/ml leupeptin, and 2 µg/ml aprotinin)], maintained at 4˚C and then heated at 95˚C for 5 min. Protein concentrations were determined using the Bradford method. A total of 50 µg protein was loaded into each lane, and then, the proteins were separated by 8% SDS-PAGE prior to being transferred electrophoretically to a polyvinylidene fluoride membrane at 100 V for 60 min. The membrane was exposed to TBS containing 0.05% Tween-20 and 5% dried nonfat milk for 1 h and then incubated with primary antibodies against 5-LO (cat. no. 610695; 1:1,000; BD Transduction Laboratories Inc.; BD Biosciences), MMP-9 (cat. no. CST 3852), p-ERK (cat. no. 9101S), total ERK (cat. no. 9102) and β-actin (cat. no. 4970S) (1:1,000; all from Cell Signaling Technology, Inc.). Secondary antibodies were anti-rabbit (cat. no. 7074S; 1:2,000) or anti-mouse antibodies (cat. no. 7076S, 1:2,000) both from Cell Signaling Technology, Inc., and then, the proteins were visualized using enhanced chemiluminescence reagent (Amersham; GE Healthcare, Chicago, IL, USA), according to the manufacturer's recommendations.
RNA interference (RNAi)
. BLT2-specific (5'-CCA CGC AGU CAA CCU UCU G-3') (27) and pre-designed control (scrambled) small interfering (si) RNAs (cat. no. SN-1003) were obtained from Bioneer (Daejeon, Korea). The siRNAs were introduced into the cells by transfection in Opti-MEM (cat. no. 31985070; Thermo Fisher Scientific, Inc.) for the indicated times using Oligofectamine (cat. no. 12252-011; Thermo Fisher Scientific, Inc.).
Invasion assay. The invasive potential of MDA-MB-231 cells was assessed using BioCoat Matrigel Invasion Chambers (BD Biosciences), as described (5, 13) . Cells (3.5x10 4 ) were harvested with RPMI-1640 supplemented with 0.5% FBS and seeded in rehydrated Matrigel inserts containing the same media. RPMI-1640 supplemented with 5% FBS, which served as a chemoattractant, was added to the lower chamber. MDA-MB-231 cells were incubated at 37˚C for approximately 24 h, after which the cells on the upper surface of each filter were removed, and the remaining cells were fixed in methanol and stained with hematoxylin-eosin (H&E). The cells in 10 randomly selected high-power (x40) fields were then counted with a CKX41 microscope (Olympus Corporation, Tokyo, Japan) equipped with a DP71 digital camera (Olympus Corporation). Each sample was assayed in triplicate.
IL-8 and LTB4 measurements.
Conditioned media were immediately frozen and lyophilized. ELISA kits for human IL-8 and LTB4 were obtained from BD Biosciences (cat. no. 550799) and Enzo Life Sciences (cat. no. ADI-900-068; Farmingdale, NY, USA), respectively. Each assay procedure was conducted according to the manufacturer's instructions for each kit. The concentrations of the mediators were determined at 450 nm for IL-8 and 405 nm for LTB4, using an Epoch microplate spectrophotometer (BioTek Instruments, Winooski, VT, USA).
In vivo metastasis assay. This study was approved by the Ethics Committee of Korea University, and all experimental animals used herein were handled according to the guidelines approved by the Institutional Animal Care and Use Committee of Korea University. All animals were maintained under a 12-h light/dark cycle and housed at a density of 5 mice per static polycarbonate microisolator cage on disposable bedding. Wire-lid food hoppers within the cages were filled to capacity with rodent chow, and water was supplied by a bottle. For the spontaneous metastasis assays, cultured MDA-MB-231 cells were treated with LY255283 (10 µM), wogonin (20 µM) or DMSO, prior to being treated with LPS (1 µg/ml) for 24 h, as described previously (13) . Then, six-week-old female nude (BALB/C) mice (Daehan Biolink, Chungbuk, Korea) were injected unilaterally in the fourth right mammary fat pad with cultured MDA-MB-231 (3.5x10 6 ) cells in 100 µl of PBS; the cells were injected subcutaneously at the base of the nipple. Wogonin (20 mg/kg), LY255283 (2.5 mg/kg) or DMSO was injected intraperitoneally three times at 5-day intervals beginning immediately following cell implantation. The animals were sacrificed 14 weeks post-cell implantation, and the number of metastatic nodules on the surface of the small bowel was determined.
Statistical analysis. The data are representative of three independent experiments, and the results are presented as the mean ± standard deviation. Comparisons between groups were performed with one-way analysis of variance, followed by Table I . Sequences of primers used in the present study. Tukey's post-hoc test. SPSS software (IBM SPSS Statistics for Windows, version 21.0; IBM Corp., Armonk, NY, USA) was used for statistical analysis. P<0.05 was considered to indicate a statistically significant difference.
Results
Wogonin inhibits the invasiveness of MDA-MB-231 breast cancer cells by downregulating IL-8 and MMP-9 expression.
Before studying the anti-invasive activity of wogonin, the effect of wogonin on cell viability was assessed. MDA-MB-231 cells were treated with wogonin at the indicated concentrations (10 or 20 µM). The viability of MDA-MB-231 cells was not significantly affected in 24 or 48 h of treatment with wogonin at concentrations up to 20 µM (Fig. 1B) , suggesting that wogonin exhibits no cytotoxicity at these doses in MDA-MB-231 cells. To determine whether wogonin has any effect on the LPS-enhanced invasive potential of MDA-MB-231 cells, Matrigel-coated Transwell chambers were used. Similar to previous studies (13), MDA-MB-231 cell invasiveness was increased in the LPS-treated group compared with the control group (Fig. 2A) . However, wogonin significantly suppressed LPS-induced invasiveness in a dose-dependent manner. Specifically, treatment with wogonin at 10 and 20 µM inhibited cell invasion by ~98% compared with the control (Fig. 2A) . Previous studies have demonstrated that IL-8 and MMP-9 expression is required for breast cancer cell invasiveness and metastasis (5, 13, 28) . To understand the signaling mechanism by which wogonin suppressed the LPS-induced invasiveness of the MDA-MB-231 cells, the mRNA expression levels of IL-8 and MMP-9 were examined by RT-PCR (Fig. 2B) . IL-8 and MMP-9 expression was indeed markedly increased by LPS treatment, and 20 µM wogonin clearly suppressed LPS-induced IL-8 and MMP-9 overexpression, in a dose-dependent manner (Fig. 2B ). This effect was also confirmed at the protein level, by ELISA for IL-8 ( Fig. 2C) and by western blotting for MMP-9 (Fig. 2D) . Taken together, these results suggest that wogonin attenuated cell invasiveness by downregulating the expression of IL-8 and MMP-9 in LPS-stimulated MDA-MB-231 cells.
Wogonin inhibits BLT2 upregulation in LPS-stimulated MDA-MB-231 cells.
Next, the results demonstrated that LPS stimulation resulted in upregulated BLT2 mRNA levels in MDA-MB-231 breast cancer cells (Fig. 3A) , consistent with previous reports (13) . Semiquantitative RT-PCR revealed that LPS markedly increased BLT2 mRNA levels in a time-dependent manner, but had little impact on BLT1 expression (Fig. 3A) . Thus, the hypothesis that wogonin may suppress BLT2 expression was examined. Wogonin clearly suppressed LPS-induced BLT2 mRNA expression in a dose-dependent manner (Fig. 3B ), but did not have an effect on BLT1 expression (Fig. 3C) . Previous reports suggested that the BLT2 cascade contributes to the production of IL-8 and MMP-9 (3,13,29) . Furthermore, BLT2 depletion using siRNA has been reported to attenuate the LPS-induced invasive activity of MDA-MB-231 cells (13) . In agreement with these results, BLT2 depletion using siRNA, or the selective BLT2 antagonist LY255283, clearly attenuated LPS-induced IL-8 and MMP-9 mRNA and protein expression in MDA-MB-231 cells (Fig. 3D-F) ; however, the BLT1 antagonist U75302 did not exert such effects (data not shown). These results suggest that BLT2 may be the effector for the wogonin anti-invasion activity.
Wogonin suppresses the synthesis of the BLT2 ligand in LPS-stimulated MDA-MB-231 cells.
Recent studies have suggested that 5-LO expression was increased in response to LPS stimulation in MDA-MB-231 cells (13, 30) . Thus, whether wogonin affects the expression of 5-LO and its metabolite, LTB4, was examined in LPS-treated MDA-MB-231 cells. 5-LO expression was markedly inhibited by wogonin treatment in LPS-stimulated MDA-MB-231 cells (Fig. 4A) . In addition, wogonin significantly inhibited LPS-induced production of the 5-LO metabolite LTB4 (Fig. 4B) . Under the same experimental conditions, LPS-induced IL-8 and MMP-9 expression was suppressed by pretreatment with the 5-LO-activating protein (FLAP) inhibitor, MK886 (Fig. 4C-E) . Taken together, these results suggest that wogonin inhibits 5-LO and thus attenuates the production of its metabolite, LTB4, and the subsequent synthesis of IL-8 and MMP-9.
Wogonin attenuates ERK phosphorylation and thus inhibits IL-8/MMP-9 production in LPS-stimulated MDA-MB-231 cells.
Previous reports have demonstrated that ERK lies downstream of BLT2 and upstream of MMP-9 in MDA-MB-231 cells (24, 30) . Exposure to LPS increased ERK phosphorylation in a time-dependent manner (Fig. 5A) . By contrast, LPS-induced ERK phosphorylation was markedly inhibited by wogonin in a dose-dependent manner (Fig. 5B) . Treatment with PD98059, an ERK inhibitor, suppressed LPS-stimulated IL-8 and MMP-9 expression at both the transcript (Fig. 5C ) and protein levels ( Fig. 5D and E) and inhibited LPS-stimulated invasiveness (Fig. 5F ). These data suggest that wogonin inhibits IL-8/MMP-9 production in LPS-stimulated MDA-MB-231 cells, most likely through ERK activation.
Wogonin significantly reduces LPS-induced metastasis in an orthotopic breast cancer model. Previously, BLT2 inhibition
has been demonstrated to significantly reduce LPS-induced metastasis in an orthotopic breast cancer model (13) . Thus, the effect of wogonin on breast cancer metastasis induced by LPS exposure was investigated in vivo. To study the effect of wogonin on the LPS-driven metastasis of MDA-MB-231 cells in vivo, the mouse orthotopic injection tumor metastasis model was used. MDA-MB-231 cells were pretreated with wogonin (20 µM) or DMSO, and then, they were treated with LPS (1 µg/ml) for 24 h prior to being implanted into the mammary fat pads of mice. At 14 weeks post-implantation, metastatic nodules were counted on the small bowel of the mice. The number of nodules in the small bowel was significantly reduced by wogonin, compared with the mice treated with LPS alone (Fig. 6A and B) . Taken together, these results indicate that wogonin exerted an inhibitory effect on LPS-induced metastasis in vivo.
Discussion
The present study demonstrated that wogonin suppressed the LPS-enhanced invasiveness and metastasis of the breast cancer cell line MDA-MB-231 in vitro and in vivo. Additionally, the results demonstrated that wogonin inhibited the 5-LO/BLT2/ERK/IL-8/MMP-9 cascade. These findings suggest that this cascade may be the target through which wogonin exerts its anticancer effects in breast cancer.
Breast cancer progression involves many steps, including tumor growth, cancer cell invasion, and cancer cell dissemination throughout the body (31) . Cancer invasion has a central role in metastasis and is the main cause of death in millions of breast cancer patients (32) . In particular, MDA-MB-231 cells are highly aggressive and invasive, and the options for the treatment of tumors comprising of such invasive cells are limited. Thus, identifying and controlling the molecular mechanisms that regulate the tumor cell invasion process is key for the development of therapeutic interventions to prevent tumor metastasis and reduce mortality in breast cancer patients.
Wogonin has been demonstrated to inhibit the development of malignancies and has attracted increasing attention as a promising anticancer compound. Wogonin has been previously reported to effectively inhibit the mobility and invasiveness of various solid tumors, including breast cancer (24), osteosarcoma (33), hepatoma and melanoma (34, 35) . Although the anti-invasive and antimetastatic effects of wogonin have been proven, the molecular mechanisms of its effects are not fully understood. In addition, its main target metabolite in cancer, especially breast cancer, remains unclear. Previous reports have suggested that wogonin inhibits the effects of eicosanoids generated by phospholipase A2 activation and lipoxygenase-induced fatty acid oxidation. Wogonin significantly inhibits the release of histamine and LTB4 in rat peritoneal exudate cells (36) . Additionally, in rat macrophages, wogonin attenuates the biosynthesis of LTB4 and 5-hydroxyeicosatetraenoic acid (5-HETE) (37) . However, there are no reports on the inhibitory effects of wogonin on leukotrienes produced by lipoxygenases, such as 5-LO, in cancer cells. Thus, the present study is the first to demonstrate that wogonin targets the 5-LO/BLT2 signaling pathway in cancer cells and thus inhibits invasiveness. Similar to our observation, 12-LO inhibitor baicalein has been reported to inhibit the invasion of MDA-MB-231 cells through downregulating various signaling pathways, including MAPK, Wnt/β-catenin or BLT2 (13, 38, 39) . However, under our experimental conditions, wogonin was demonstrated to significantly inhibit the expression levels of 5-LO, but not 12-LO (data not shown). Therefore, it can be speculated that 5-LO, not 12-LO, may be an important target for the action of wogonin.
5-LO controls another key pathway in arachidonic acid metabolism; the major products of the pathway include LTB4 and the cysteinyl leukotrienes, which are potent pro-inflammatory lipid mediators involved in chronic inflammatory diseases and cancer (40) . 5-LO is expressed in many cancer cells and participates in angiogenesis, invasiveness, and cellular proliferation (41) . The present results demonstrated that 5-LO and, thus, the downstream BLT2/ERK/IL-8/MMP-9 cascade are potential targets of wogonin. In clinical studies, IL-8 and MMP-9 are overexpressed in breast tumor tissues compared with normal tissues, and the expression of these factors is correlated with high invasion potential (42, 43) . Consistent with these findings, we previously reported that the expression of IL-8 promoted MDA-MB-231 cell invasiveness and metastasis through the activation of the BLT2 signaling pathway (13) . Previous reports have also revealed that wogonin suppresses IL-8 and MMP-9 expression in tumor cells. For example, wogonin attenuated IL-8 expression in LPS-induced colorectal adenocarcinoma cells (44) and inhibited breast cancer cell invasion and metastasis in vitro, by suppressing phorbol-12-myristate-13-acetate (PMA)-induced MMP-9 expression (24) .
The current results demonstrated that ERK lies downstream of the BLT2 cascade in MDA-MB-231 cells (30) . ERK activation is critical for IL-8 and MMP-9 expression and the promotion of the degradation of the basement membrane and the infiltration of surrounding tissues for the facilitation of breast tumor metastasis (45) (46) (47) . In the present study, it was demonstrated that wogonin significantly attenuated the activation of ERK in LPS-stimulated MDA-MB-231 cells, which indicated that the antimetastatic effect of wogonin in breast cancer may be dependent on BLT2 expression. Additionally, wogonin remarkably suppressed LPS-enhanced metastasis to the small bowel, suggesting that wogonin inhibited BLT2-induced breast cancer metastasis. These findings provide a preliminary basis for the development of wogonin-based therapeutic herbal medicines for the treatment of metastatic breast cancer.
In summary, the present study demonstrated that wogonin suppressed the ability of LPS to stimulate the invasiveness and metastasis of MDA-MB-231 cells. Furthermore, the results revealed that the molecular mechanism responsible for the effects of wogonin may be associated with the 5-LO/BLT2/ERK/IL-8/MMP-9 cascade (Fig. 7) . Thus, the 5-LO-/BLT2 axis is a novel pathway through which wogonin may exert its anti-invasive actions in LPS-stimulated MDA-MB-231 cells.
